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ABSTRACT 
To determine the relationship between the abundance and density of benthic invertebrates, 
and the critical shear stress of individual grain sizes, a reach along Smith Creek, was divided into 
ten 2m x 2m quadrants.  Within each quadrant, five randomly selected clasts for each grain size 
ranging from 2.26 to 25.6 cm were cleaned for benthic invertebrates.  Wolman pebble counts for 
each quadrant were also conducted and used to determine the critical Shields stress per grain size 
fraction from the model given by Wiberg and Smith (1987) that explicitly accounts for particle 
hiding/sheltering effects in mixed-bed rivers.  Particle entrainment values were then compared 
with estimated bankfull Shields stress values to determine sediment transport potential during 
bankfull flow.  Invertebrate abundance was strongly positively correlated with critical Shields 
stress up to the 18.0 cm grain size, indicating a preference for certain grain sizes; while density 
was positively correlated with all grain sizes present.   
INDEX WORDS: Benthic invertebrates, Shear stress, Critical Shields stress, Invertebrate abundance, 
Embeddedness, Invertebrate diversity, Organism-substrate relationships, HEC-RAS.  
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1 INTRODUCTION 
One of the most important processes in geomorphology is the sculpting of landforms as a 
result of the forces applied by running water.  It is the work performed by that running water that 
is important to river ecologists, as it can influence the distribution of sediment, and resource 
availability, which in turn can affect the distribution of stream benthic invertebrates [Cummins 
and Lauff, 1969; Wallace and Webster, 1996].  Ecological studies of the lotic environment 
consisting of the ecosystem of rivers and streams, involves a broad range of topics, from 
limnology to physiological and trophic ecology [Hynes, 1970; Hauer and Lamberti, 1996].  
Research of late has acknowledged the importance of benthic invertebrate abundance and 
diversity as indicators of water quality, and ultimately, of stream health [Resh and Unzicker, 
1975; Norris and Thoms, 1999; Kominoski et al., 2007].  In the quest to improve stream 
conditions, stream channel improvements are often made to increase habitat availability for 
macroinvertebrates [Palmer and Bernhardt, 2006].  The design of structural features (e.g. grade 
control structures, rock weirs, rip rap), are based on the recognized physical preferences of 
invertebrates, as well as the hydraulic conditions they produce [Gore et al., 2001].  Thus, given 
the recent national interest in stream restoration projects [Bernhardt and Palmer, 2007], 
understanding the relationships between the ecological and geomorphological characteristics of a 
stream have become more important than ever before [Wallace and Webster, 1996].  
Many of the factors that may affect the distribution of lotic benthic invertebrates intersect the 
disciplines of ecology, hydrology and fluvial geomorphology.  How benthic invertebrates are 
distributed along a stream channel can be affected by various factors; such as flow, habitat, 
substrate, disturbance, resource availability, colonization, and invertebrate drift, among others 
[Cummins and Lauff, 1969; Holomuzki, 1996; Angradi et al., 2001; Cardinale et al., 2001; Heino 
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and Korsu, 2008].  Often, research studies involve either physical scientists or biological 
scientists; rarely do researchers combine their skills to accommodate for both sciences [Hannah 
et al., 2004; Rice et al., 2010].  However, because benthic invertebrates use the substrate for 
habitat and refuge, it is important to consider the role of substrate stability in benthic invertebrate 
community composition [Cummins, 1964; Cummins and Lauff, 1969; Hynes, 1970; Cobb et al., 
1992; Clayton and Westbrook, 2008].   
Stability of substrate is largely determined by the forces that are imposed upon the substrate 
itself, a reflection of the overlying hydraulic conditions that are ecologically meaningful 
[Statzner et al., 1988; Matthaei et al., 1999].  Sediment size alters the hydraulic characteristics 
near the bed of the channel, by influencing flow resistance [Leopold, 1953, 1992; Jain and 
Kothyari, 2009].  Substrate stability is a function of the threshold of shear stress that must be met 
before entrainment can occur, referred to as critical shear stress [Powell, 1998].  The preferential 
selection of grain sizes by certain benthic invertebrates is related to sediment stability [Cobb et 
al., 1992], and is therefore likely tied to the critical shear stress.  Previous studies have observed 
a relationship between parameters of shear stress and the distribution of benthic invertebrates 
[Statzner and Higler, 1986; Statzner et al., 1988; Quinn and Hickey, 1994; Rempel et al., 2000; 
Mérigoux and Dolédec, 2004; Pastuchova et al., 2008, 2010].  Yet few have looked at the 
distribution of benthic invertebrates on individual grain sizes, and how it may relate to the 
critical shear stress of each.  The above referenced studies and their importance will be reviewed 
in greater detail in upcoming sections. 
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1.1 Purpose of the Study 
Benthic invertebrates exhibit a preferential selection of grain sizes which has been linked to 
substrate stability, which depends on the likelihood for entrainment of individual grain sizes, and 
is thus a function of the critical shear stress of each.  The purpose of this study was to determine 
the relationship between the abundance and diversity of benthic invertebrates, and the critical 
shear stress of individual grain sizes.  The null hypothesis to be tested is as stated:  There is no 
correlation between the critical shear stress of individual grains and benthic invertebrate 
abundance and/or diversity.  The alternate hypotheses will be that there is a correlation.   
1.2 Expected Results 
Given similar former studies, I expect there will be a positive correlation between benthic 
invertebrate abundance and critical shear stress.  However, relationships could be determined to 
be order-specific.  The same effect may occur with density, which will likely also have a 
negative correlation.  As the critical shear stress decreases, evolutionary adaptations for 
competition that allow certain invertebrates to withstand stronger hydraulic stress will come into 
play, and the number of orders inhabiting grains requiring lower critical shear stresses will 
decrease.  The hiding and sheltering effects play a large role in the stability of certain grain sizes 
because smaller grains that are sheltered by larger grains are more stable than those with greater 
relative exposure. 
2 BACKGROUND 
Rivers transport an enormous volume of water as they drain the land surface, creating over 
3.5 million linear miles of lotic habitat in the United States alone [EPA, 2004].  With all the 
alterations to the landscape and water flows, streams have become some of the most altered 
ecosystems known today [Hauer and Lamberti, 1996].  The influx of sediment from the demand 
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for increased agriculture and urban development, coupled with water diversions and dam 
building, have choked our streams and impaired water quality - degrading the ecological balance 
in the process [Karr and Chu, 1999]. 
Taxonomic diversity and abundance of benthic invertebrates has become an important 
indicator for water quality, and of ecosystem functionality [Resh and Unzicker, 1975; Merritt et 
al., 2008].  The term benthic refers to organisms that live on, in or near the substrate along 
channel bottom; and benthic invertebrates make up a large portion of the fauna that dwell in this 
stream habitat [Ward, 1992].  A majority of the aquatic invertebrates located on the substrate are 
insects from the orders:   Ephemeroptera (mayflies), Plecoptera (stoneflies), Trichoptera 
(caddisflies), Diptera (chironomids and craneflies), and Coleoptera (beetles); and are highly 
adapted and distinct [Ward, 1992].  Many have acquired adaptations such as claws, flattened 
bodies, and suction cup-like attachments that enable them to withstand strong currents, and 
remove particles from the water flowing past [Hynes, 1970; Wallace and Webster, 1996].  Those 
same adaptations that can limit them to habitats with specific flow requirements, because of 
sensitive respiratory or feeding mechanisms; for it is the flow that captures and removes waste, 
but also replenishes oxygen and transports food [Ward, 1992].  They can also avoid areas of 
strong flow by seeking shelter on the underside or crevices of rocks [Cummins, 1964; Hynes, 
1970].   
Substrate size preference by benthic invertebrates has long been known, and has been used in 
studies to determine their potential distributions [Cummins and Lauff, 1969; Williams and 
Mundie, 1978].   In earlier understandings of organism-substrate relationships, many studies 
presented different strategies of confirming substrate size preference.  Cummins and Lauff 
[1969] used flumes fixed with trays of sediment filled with each of eight particle size classes 
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(fine sand to large pebble), to run fixed velocity experiments involving ten species of aquatic 
invertebrates.  Their goal was to determine whether certain species exhibited a preference for a 
particular grain size.  By alternating tray positions for each run, in the upstream to downstream 
direction, and by counting the invertebrates located on a tray of a particular grain size after each 
test run they were able to determine grain size preference for each of ten species; representing 
orders Ephemeroptera, Plecoptera, Trichoptera, Diptera, Coleoptera, Pulmonata (snails) and 
Megaloptera (alderflies).  Orders Pulmonata and nymphs of Ephemeroptera did not exhibit 
significant preferences for grain size.  All other orders, with the exception of one species of order 
Trichoptera, demonstrated preference for the larger grain sizes (>0.2 cm).   It was observed 
however, that the one species of Trichoptera that did not prefer larger grain sizes was because of 
locomotion difficulty within the smaller grain sizes - as there was a large number of caddisflies 
on the largest of grains in most cases.   
As mentioned previously, sediment grain size influences flow resistance by altering the 
hydraulic characteristics near the bed of the channel [Leopold, 1953, 1992; Jain and Kothyari, 
2009].  The movement of water is dictated by a balance of forces; those that drive flow and those 
that resist flow [Charlton, 2007].  While gravity is the main driver that moves water in a 
downslope direction, the flow is resisted by opposing forces such as the friction within the flow 
itself, as well as with the channel boundary.   
As the water moves in the downstream direction, it applies a shear stress (force per unit area) 
parallel to the channel bed.  The shear stress that is exerted on the channel boundary as water 
moves downslope is known to increase with flow depth and channel steepness, as indicated by 
the DuBoys equation for bankfull boundary shear stress [Mueller et al., 2005; Church, 2006];   
               (1) 
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such that ρ is the water density (1.00 g/cm3), g is the gravitational acceleration (9.80665 m/s2), h 
is the hydraulic radius (m), and S is the slope.  It is important to determine forces at the bankfull 
discharge because it has been shown elsewhere to be the discharge that is the most effective at 
transporting sediments over time [Wolman and Miller, 1960; Andrews, 1980; Leopold, 1992].   
The competence of a stream to mobilize sediments of a given size is quantified using the 
Shields number [Shields et al., 1936; Church, 2006];   
          
      
          
 (2) 
 
where τ*bkfl is the shields stress at bankfull,  ρs is the density of the sediment (typically 2.65 
g/cm
3
 [Knighton, 1998]), and D50 is the median grain size of the substrate.  Equation (2) gives 
the dimensionless shear stress, which is the ratio between the fluid forces of the flow acting on a 
bed particle and the resisting forces (or weight of the grain) [Shields et al., 1936; Mueller et al., 
2005; Charlton, 2007].  The Shields stress in excess of a threshold, known as the critical Shields 
stress (τ*c), is indicative of entrainment of sediment, which could potentially result in the 
degradation of the channel bed or banks [Montgomery and Buffington, 1997; Ritter et al., 2002; 
Church, 2006; Charlton, 2007].  However, if the incoming sediment supply is similar to the 
sediment that is being entrained, then the sediment coming in to a given reach may replace the 
entrained sediment [Lane, 1955; Charlton, 2007; Clayton and Pitlick, 2008].   
 The character of the bed sediment is also significant, for it is not only the size of the 
sediment that is important, but also the arrangement of different grain sizes [Dietrich et al., 1989; 
Buffington and Montgomery, 1997; Church, 2006].  Patterns such as sheltering, imbrications, 
armoring, and variations in sorting can also affect resistance, and in turn the critical shear stress 
required to entrain the sediment [Charlton, 2007; Clayton, 2010].  Sheltering involves the 
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shielding of smaller grains by larger grains, while imbrication of grains is indicated by the 
inclined stacking of grains in the direction of water flow; both of which work to increase the 
resistance of the material to entrainment.  In order to more accurately estimate critical shear 
stress, it is important to account for particle 
hiding and/or sheltering effects.  Figure 2.1 
illustrates how sheltering and the friction 
angle affect critical shear stress.  Friction 
angle changes with the size of the grain 
relative to surrounding grain sizes, and 
sheltered particles may require higher critical 
shear stress to be entrained [Wiberg and Smith, 1987].  In addition, in a poorly-sorted substrate 
with a large range of particle sizes, resistance can vary across the channel bed depending on the 
coarseness of the sediments in one region versus another, while a well-sorted substrate has a 
homogenous resistance across the channel [Mueller et al., 2005].  These are important variables 
to consider, as they can affect the critical shear stress and thereby potentially alter the 
preferential selection of substrate sizes by benthic invertebrates.  
Studies in the 1970s gradually began incorporating additional parameters, both for their 
trophic value and differing flow characteristics that could relate benthic distribution with 
preferential substrate size.  Using velocity, silt and detritus (food availability), and sediment size 
as factors, Rabeni and Minshall [1977] used sediment-filled trays to test spatial-distribution of 
invertebrates in a stream, as an extension to the Minshall and Minshall [1977] study.  In the first 
study [Minshall and Minshall, 1977], trays filled with homogenous sediment did not have similar 
numbers or types of invertebrates than that of the natural stream bed, suggesting that there were 
Figure 2.1.  Illustration showing friction angle and how 
sheltering can affect entrainment.  From Charlton [2007]. 
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other factors affecting the distribution of invertebrates besides grain size.  The later study 
[Rabeni and Minshall, 1977], also used trays with homogenous grain sizes (ranging from 0.5-0.7 
cm, 1.0-2.0 cm, 2.5-3.5 cm, and 4.5-7.0 cm), but with varying velocities.  There was higher 
abundance of organisms in the faster flowing segments, with peaks on the 2.5 - 3.5 cm grain 
sizes.  Yet when paired with detritus or food availability, the organisms seemed to prefer the 
smaller grains, and slower velocities.  The conditions that replicated pools (decreased velocity) 
saw a substantial decrease in the mean number of organisms of the larger grains, and 
consequently there was an increase in the number of organisms on smaller grains in the lower 
velocity [Rabeni and Minshall, 1977].  Their results seemed to suggest that patterns of substrate 
size preference are influenced by food availability - that with the decrease in velocity there is a 
decrease in transport potential; making smaller substrate sizes with greater availability of detritus 
consequentially more preferable to invertebrates.  
Clayton and Westbrook [2008] had similar results showing greater invertebrate abundance in 
channel regions with higher flows, as low flows may allow fine particles to fill in the spaces 
between particles, reducing available habitat for invertebrates [Hynes, 1970; Longing et al., 
2010].  However, a field study done by Reice [1980] , incorporating substrate size (fine gravel to 
large cobbles) and leaf litter, found that there were substrate preferences regardless of differing 
velocities; preferences were unaffected by the presence of leaf pack.  Invertebrate abundance 
exhibited a preference for gravel sizes (greater surface area), while invertebrate density (number 
per cm
2
 surface area) was highest on the larger grain sizes; supporting their hypothesis of 
preferential selection by invertebrates of intermediate grain sizes between large boulders and 
small pebbles, such as cobbles.  Erman and Erman [1984] tested whether there were any 
interactions or effects on species abundance or diversity and heterogeneity by controlling particle 
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complexity, substrate size, and food availability (presence of detritus).  Significant increases in 
both abundance and diversity were shown with increasing median particle size, yet heterogeneity 
of substrate had no significant relationship.  The only variable that illustrated differences in 
abundance and certain taxa was detritus availability where total number of individuals increased 
significantly in the presence of detritus; similar observations were also seen in studies conducted 
by Williams and Mundie [1978] and Hynes [1970]. 
Flecker and Allan [1984] examined whether a relationship between benthic invertebrates and 
their preference for specific grain sizes was related to their response to predation.  Using both 
open cages and fish exclusion cages containing both loose and cement-embedded grains of 
varying sizes, the authors were able to gauge whether predator-prey relationships affected 
substrate preference.  It was determined that predation had no significant affect on the 
distribution of invertebrates.  However, the study observed that benthic invertebrates preferred 
the loose grains over the cement-embedded grains, and invertebrate diversity was greater on 
gravel than cobbles for the 0.4-0.8 cm and >8 cm invertebrate size classes.  Loose substrates 
which provide more spatial refugia, were found to support a greater number of invertebrates than 
the cement-embedded substrates.  
Different species of hydropsychid caddisflies were used in a study by Fairchild and 
Holomuzki [2002] comparing larval retreat densities on habitable substrate - within the same 
riffle and between riffles of a stream reach, as well as food availability and current velocity.  
Along sites where habitable substrate (larger grains or logs) was sparse, larval densities were 
highest on those boulders and logs, and gravels were avoided by nearly all species.  As the 
amount of habitable substrate or surface area decreased in the downstream direction, so did 
larval densities.  A study performed by Arscott et al., [2003] incorporated both spatial and 
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temporal variations in: physical parameters (substrate and flow), chemical constituents, 
temperature, and food resources.  An 80% explained variance in abundance was revealed 
between taxa and both physical and chemical environmental parameters.  The highest 
invertebrate diversity was located in reaches with greater physical complexity from larger 
substrate sizes (small boulders and cobbles), with large variations in abundance and diversity 
with chemical constituents, food availability and seasonality.   
More recently, studies have explored the links between benthic invertebrates and more 
complex hydraulic variables, and how those variables relate to their distribution, such as flow 
characteristics and shear stress.  Complex hydraulic variables such as Froude number, particle 
Reynolds number and shear velocity, serve as derivatives or proxies for channel boundary 
roughness and shear stress.  Froude number refers to the balance of inertial (from velocity) and 
gravitational (from depth) forces exerted on water as it flows; with increases in velocity the 
inertial forces increase and thereby shear stress increases [Knighton, 1998; Charlton, 2007].  The 
steepness of the velocity gradient near the channel bed that affects the shear stress is known as 
shear velocity; meaning if there were a steep gradient in velocity, there would be high shear 
velocity [Charlton, 2007].  The turbulence at the channel boundary would be affected, altering 
the shear stress, and likely benthic invertebrate distribution [Statzner et al., 1988; Quinn and 
Hickey, 1994].   
In an attempt to bring attention to the importance of hydraulic characteristics for ecological 
research, Statzner and Higler [1986] and Statzner et al. [1988], termed the approach of 
“hydraulic stream ecology”.  In both studies they illustrated how multivariate parameters 
determined from mean velocity, depth, slope and substrate roughness provide greater insight into 
the distribution of invertebrates, than individual parameters alone.  In Statzner et al., [1988] a 
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single, rare species of water bug was collected, in addition to measurements for simple hydraulic 
parameters such as substrate roughness, velocity, mean depth, and slope.  Simple hydraulic 
parameters were then used to calculate more complex variables, such as Reynolds number and 
boundary Reynolds number, Froude number, and shear velocity.  The Reynolds number was 
found to have the highest positive correlation with invertebrate density measures, though 
uncertainties arose due to the small number of individuals in some of the collected samples.  
Mérigoux and Dolédec [2004] performed a similar study, except over two seasons, and also 
found a strong positive correlative relationship with shear stress and Froude number to 
invertebrate abundance, explaining nearly 82% of the variation in the spring data and 94% in 
autumn data; potentially described by changes in flow regime during those seasons.  Species 
diversity was found to have a negative correlation, as it increased with a decrease in shear stress.  
Quinn and Hickey [1994] executed a similar study which collected benthic invertebrates over 
varying combinations of mean velocities and depths.  Conventional hydraulic data (velocity, 
depth, substrate size) were used, as well as more complex hydraulic parameters (shear velocity, 
Reynolds number, etc.).  Single, conventional variables were determined to have weaker 
correlations with benthic invertebrate distribution and diversity than the more complex hydraulic 
parameters that involved calculations of depth, mean velocity, and substrate size, with Reynolds 
number having the strongest positive correlation to invertebrate density.  However, both studies 
used visual assessment to determine substrate roughness rather than measuring channel 
roughness directly, and used modified Surber samplers, which do not allow the collection of 
individual grain sizes.   
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Rempel et al. [2000] took invertebrate samples at four water depths (0.2, 0.5, 1.5, and 3.0 
meters) using a Shipek grab sampler (similar to a claw) and a Surber sampler, at varying 
discharge rates.  The invertebrate diversity, as well as invertebrate density classified by 
functional feeding groups and flow exposure groups, were then compared with various 
sedimentary, near-bed (shear velocity, boundary Reynolds number and Shields entrainment 
function) and depth-averaged (mean velocity, Froude number, and Reynolds number) hydraulic 
measures.  While many of the findings were similar to those of previous studies in that complex 
hydraulic parameters control the distribution patterns of invertebrates, the peak total density of 
invertebrates was correlated with shallower depths where there was the lowest hydraulic stress.  
Invertebrate diversity was associated with areas of intermediate hydraulic stress.  The near-bed 
and depth-averaged hydraulic variables of boundary Reynolds number, Froude number, and  
shear/mean velocity explained 52% of the variance in invertebrate abundance data, which would 
decrease as the depth increased.  The study illustrated remarkably well how flow patterns and 
hydraulic conditions regulate distribution of benthic invertebrates. 
Research of late has returned to previous themes regarding organism-substrate relationships, 
encompassing multiple and more complex hydraulic factors.  In a study by Pastuchova et al. 
[2008], Ephemeroptera, Plecoptera and Trichoptera (EPT) communities exhibited negative 
relationships to gradients in flow, or current velocity, as well as increases in shear stress 
(expressed as Froude number and Reynolds number); similar to Rempel et al. [2000].  Benthic 
invertebrates were collected along differing morphological units (riffles, rapids, bars, runs, 
edgewaters, scours, etc.) and each unit evaluated for substrate characteristics, flow type, flow 
velocity, and water depth.  Analysis found overall EPT abundance was highest in edgewaters, 
runs and scour, and in flow types with barely perceptible flow and ripples, matching with middle 
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values for both Froude and Reynolds numbers.  Brooks et al. [2005] also found a strong negative 
correlative relationship between invertebrate abundance and diversity with roughness Reynolds 
number, as well as with shear velocity. 
A recent review of literature by Schwendel et al. [2010] assessed the methods available to 
quantify bed shear stress; including the DuBoys equation, FliesswasserStammtisch (FST) 
hemispheres, and both point and depth averaged near-bed flow velocity, among others (see Table 
1 of Schwendel et al. [2010], for details).  In their study, recommendations are made to 
ecologists to use multivariate measures that describe characteristics of substrate stability to 
determine benthic invertebrate distribution, such as critical shear stress and the DuBoys equation.  
Certain flows can induce bedload transport and harness the ability to alter channel bed 
composition and structure, and thus invertebrate distribution.  It is important to understand the 
forces exerted on the substrate and how they affect its stability; measurements of those shear 
forces is vital to understanding the biotic interactions and how they may play into benthic 
invertebrate distribution [Mérigoux and Dolédec, 2004].   
Embeddedness is another factor to consider when dealing with sediment stability and its 
affect on invertebrate distribution.  It describes the extent larger particles can become covered or 
buried by smaller, finer sediment sizes [Montgomery and Buffington, 1997].  The more 
embedded a grain is, the less surface area there is available to invertebrates as refuge [Everest et 
al., 1987; Matthaei et al., 2000]; for the interstitial spaces between the grains can be filled in by 
the finer sediment [Osmundson and Scheer, 1998].  Additionally, the more embedded a grain is, 
the less likely it is to become entrained, because a greater shear stress will be required to move 
the grain from out of its pocket [Matthaei et al., 1999].  Given this fact, it is important to 
consider how embeddedness may affect the critical shear stress a particular grain size requires 
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before entrainment will occur.  There are various methods to calculate embeddedness, which is 
generally measured in percentages.  However, most methods evaluate the entire channel bed 
rather than individual grains, beginning with grains larger than 32 mm [Plewe, 2007].  A new 
method was devised in this study to account for particle embeddedness; those values were used 
during calculations of exposed particle surface area 
2.1 Summary 
It was ultimately found in most of these studies that approaches that combine simple 
variables such as substrate roughness, velocity, mean depth, and slope, or those that use them to 
determine more complex variables (shear velocity, Froude number, Reynolds number, etc.), 
exhibited the strongest correlations with benthic invertebrate distribution, while relationships 
concerning diversity can be taxon-specific.  In nearly each case thus far, collections were made 
using Surber samplers or some modification of a Surber sampler (where otherwise noted), which 
does not allow the researcher to explicitly connect a particular taxonomic richness or invertebrate 
density to a specific grain size.  Previous studies have used Reynolds number and Froude 
numbers as proxies for critical shear stress, but none have considered whether substrate size 
preference exhibited by benthic invertebrates is based on critical shear stress of the individual 
grain and its size relative to its neighboring particles.   
The preference of benthic invertebrates to inhabit particular grain sizes has been well 
established [Cummins, 1964; Cummins and Lauff, 1969; Hynes, 1970], and only recently has 
research made the connection between grain size and near-bed hydraulic preferences [Statzner 
and Higler, 1986; Quinn and Hickey, 1994; Rempel et al., 2000; Brooks et al., 2005].  Sediment 
stability plays a major role in the distribution of benthic invertebrates, which is largely a product 
of sediment size and the shear stress it encounters.  To better understand benthic community 
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structure and maintain ecological health, it is important to understand the relationship between 
characteristics of flow and how those may affect the forces that lotic invertebrates are exposed 
to, and how that plays into sediment stability.  In addition to the potential role that hiding and 
sheltering may play in substrate selection by increasing the critical shear stress.  By measuring 
critical shear stress for the individual grain, and thus its potential for sediment transport, instead 
of shear stress, this study is afforded the opportunity to determine whether the preferential size 
selection of grain size by benthic invertebrates is a product of the forces that are exerted on that 
particular grain and its resistance to entrainment.  
3 STUDY INFORMATION 
3.1 Site Setting 
Field work was conducted along a segment of Smith Creek (~34.7380°N, 83.7190°W), a 
third order stream at an elevation of ~ 503 meters above sea level, and approximately 5 km from 
Helen, Georgia in White County (Figure 3.1).  The study site is located in the Blue Ridge 
province, within the boundary of Unicoi State Park, and was selected due to minimal 
anthropogeni
c disturbance, 
        Study Site 
Figure 3.1.  Map of study site. 
N 
N 
N 
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ease of accessibility and reach characteristics.  The canopy surrounding the site is fairly dense, 
with areas along the middle of the stream becoming slightly exposed to sunlight as the day 
progresses.  Riparian vegetation along the reach consists mainly of shrubs, small diameter trees 
of low density, and an understory of dense moss and peat mats on the floodplain.  The stream 
banks are fairly stable, with isolated areas of minor erosion on the right bank which is relatively 
steep from undercutting.  Approximately 8 meters upstream of the study segment there is a 
cascade, and downstream there is a rib or small step that was excluded from calculations due to 
its effect on slope.   The bed material is comprised of a mix of mostly gravel and cobbles with 
intermittent small boulders.  
3.2 Methodology 
3.2.1 Site Characteristics 
Topographic measurements were taken along the stream study segment using a transect tape, 
tripod, auto-level and stadia rod, perpendicular to the water flow at every 2 meters; for a total of 
eight transects.  A transect tape was laid perpendicular to the water flow from right bankfull to 
left bankfull for cross-sectional measurements, and elevation measurements were obtained with 
an auto-level and stadia rod.  Low-flow water surface height measurements were taken every 2 
meters from upstream to downstream at the middle of the channel at each of the cross-sectional 
transect lines to determine average water surface slope.  Velocity readings were taken along 
cross-section 6 with the use of a pygmy current meter, and then later converted to a low-flow 
discharge.  Each of the eight transects were then further divided into four 2-meter quadrants, as 
illustrated in Figure 3.2.  The quadrants along the periphery of the stream segment were 
eliminated (seen in gray in Figure 3.2) so as to serve as a buffer, reducing channel side effects, 
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thus increasing consistency between the samples.  In order to reduce the effects of differences in 
stream bottom features such as pools or riffles, or any spatial anomalies, a stratified random 
sampling strategy was selected.  Stratified random sampling involved the dividing up of the 
stream reach into quadrants.  The sampling strategy allows for complete spatial coverage of the 
stream segment while still maintaining precision and a random component, for as grains were 
collected the observer averted their gaze from the channel bed as a grain was selected so as not to 
subconsciously select a particular grain size.  There were a total of 10 quadrants sampled along 
the center portion of the stream segment, as illustrated by the white squares in Figure 3.2.  In 
addition to the selection of individual pebbles required to collect invertebrate samples, standard 
Wolman (1954) pebble counts were conducted in each quadrant (10 total) to determine the 16
th
-, 
50
th
- and 84
th
- percentile grain size fractions, for later use in calculating critical shear stress. 
  
Figure 3.2.  Stream study segment shown divided into quadrats for sampling.  White areas show quadrats sampled for 
invertebrates, while grey are those omitted.  XS - cross section, Q# - quadrat number. Picture courtesy of Zoia 
Comarova, illustrates transect and quadrat divisions. 
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3.2.2 Bankfull Shields stress 
Using a one-dimensional step-backwater steady flow model developed by the United States 
Army Corps of Engineers named HEC-RAS, the hydraulic radius was calculated and later 
plugged into the DuBoys equation to determine bankfull shear stress.  By calculating the change 
in energy head from the upstream to the downstream portion of the stream, the model can 
determine the energy slope, which is based on the loss of energy from boundary friction 
[Brunner, 2010].  Once the energy slope is known, by entering a downstream bankfull water 
surface elevation and hydraulic radius, the upstream bankfull water surface elevation can then be 
modeled.  The boundary friction is conveyed through the use of a Manning‟s n coefficient. 
The Manning‟s n coefficient, which is determined by the resistance of the channel or how the 
flow resistance is altered by the grain or form roughness of the channel, is used to describe 
frictional energy losses [Charlton, 2007]. 
    
 
 
    
 
  
 
   (3) 
Where v is velocity, R is the hydraulic radius (R = cross sectional area / wetted perimeter), and S 
is the water surface slope.  If rearranged, the formula can be used to determine the Manning‟s n 
coefficient with values for the other three terms.  The selection of Manning‟s n can be 
problematic though, because it is a function of depth; flow resistance when expressed as 
Manning‟s n, tends to decrease with an increase in stage [Ritter et al., 2002; Kean and Smith, 
2005].  The HEC-RAS model was run using two distinct Manning‟s n coefficients, one 
calculated from the Manning‟s n equation and a second from the mean of several different 
methods, detailed as follows. 
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The first Manning‟s n coefficient was derived from Barnes‟ [1967] roughness guide, which 
was chosen to be 0.051.  The Barnes‟ guide allows the user to select a Manning‟s n based on 
former studies that exhibit similarities in boundary roughness and stream reach characteristics.  
A second value for n was derived from the equation as given in Limerinos [1970].   
    
         
                  
  
  (4) 
The Limerinos [1970] equation was derived using field data from straight streams with coarse, 
mobile beds, and takes the hydraulic radius and sediment size into account.  The third value was 
calculated from a Lane and Carlson [1953] equation derived from studies involving canals with 
granular cobbles. 
             (5) 
The mean of the three values was calculated and evaluated to determine the best Manning‟s n 
value to represent the roughness across the entire study segment.  Using the mean of the 
Manning‟s n values allows the parameters used to determine each Manning‟s n, to be considered 
equally and lessens the possibility of over- or underestimation of boundary roughness. Once the 
roughness coefficient was identified, the Manning‟s n value was entered into the HEC-RAS 
model along with the cross-sectional data and bankfull surface elevations, to determine hydraulic 
radius.  The main channel bankfull elevations were set as both the right and left top bank edge 
measurements, while contraction and expansion coefficients were left at the default values (0.1 
and 0.3, respectively). 
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3.2.3 Critical shear stress 
Bankfull Shield stress values were compared to critical shear stress values calculated via the 
Wiberg and Smith [1987] method to determine sediment transport potential for each grain size 
fraction.  Sediment transport potential at bankfull flow was then compared with abundance and 
density values of benthic invertebrates per grain size, as well as benthic invertebrate density per 
grain size, to determine whether a correlation exists by means of Spearman‟s ρ correlation.   
In order to determine critical shear stress per size fraction, the particle size distribution was 
used in conjunction with a model developed by Wiberg and Smith [1987].  In their study, an 
expression was derived which incorporates the effects of grain protrusion into the flow, 
accounting for particle hiding and/or sheltering effects.  By calculating the relative protrusion of 
an individual grain in relation to the neighboring particle sizes, as well as the lift and drag forces, 
and the shear stress that are exerted upon it - the critical dimensionless shear stress for the 
individual grain can be determined and thus related to its susceptibility to be entrained along a 
heterogeneous channel bed [Wiberg and Smith, 1987; Knighton, 1998].  The calculated critical 
shear stress per size fraction was then compared to the bankfull Shields stress to determine 
sediment transport potential. 
3.2.4 Benthic invertebrates 
Invertebrate samples were collected within each quadrant 
using a novel methodology that included a modified Surber 
sampler, which we will call a „Cline‟ sampler (Figure 3.3), in 
conjunction with a gravelometer.  The sampler was a „net-
style‟ composed of a nylon mesh fabric, with a flexible base 
along the bottom of the net to more easily conform to the 
Figure 3.3.  Cline sampler 
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channel bed; so as to not lose any samples in the flow.  A screen 
made from the same material as the Cline sampler was placed 
upstream of the collection site to eliminate or reduce 
invertebrate drift that could potentially alter the collection 
sample (see similar set-up in Clayton and Pitlick, 2008).  After 
the screen was placed upstream of the clast that was to be 
collected, the Cline sampler was placed downstream of the clast 
in order to catch any invertebrates that may be caught in the 
flow upon lifting the clast.  Once the clast was collected, the Cline sampler was raised out of the 
flow of the water to ensure invertebrate drift was not introduced into the sample (Figure 3.4).   
The clast was placed within the sampler to ensure no organisms were lost while it was 
measured using the gravelometer to determine its grain size.  Once the clast was lightly rubbed 
by hand to dislodge any lingering invertebrates adhering to the stone, into the sampler, the grain 
size was determined (Figure 3.5).  Clasts were randomly selected and measured until there was a 
count of 5 clasts for each grain size within each quadrant (ranging from 22.6mm to 256mm grain 
sizes), resulting in 50 clasts for the entire stream 
study segment (5 clasts per grain size, 10 quadrants 
in the stream study segment, equals 50 samples per 
grain size; and with 8 different grain sizes, equals a 
total of 400 samples).  If a stone was collected that 
either had already had five clasts collected, or was 
not the correct grain size, it was returned to an area 
outside of the stream study segment.  In order to 
Figure 3.4.  Collection process 
showing clast being rubbed for 
invertebrates. 
Figure 3.5.  Collection process showing 
classification of grain size using a 
gravelometer. 
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decrease the introduction of invertebrates into the sample through drift, the collection, 
measurement, and cleaning of all clasts occurred as rapidly as possible - generally less than 30 
seconds.   
The invertebrate sample was then filtered into a cotton-sieve labeled for the grain size of the 
clast it represented, and placed in a jar also labeled by grain size (Figure 3.6).  The clast was then 
returned to the stream outside of the study segment to eliminate 
the chance of double processing, and the net was checked to 
ensure all invertebrates were washed into the sieve.  Invertebrate 
samples were preserved in 90% isopropyl alcohol, and were 
later identified under a 
dissecting scope using a 
counting chamber plate 
(Figure 3.7) to the order 
level using Thorp and 
Covich [2001] and 
Merritt et al. [2008]. 
Aquatic invertebrates encompass a broad number of phyla, with many freshwater 
representatives of orders having all or part of their life stages either living within the stream flow 
or in close proximity.  While there are a multitude of orders that can be present in the stream 
environment, only the more common orders will be discussed in greater detail.  As worms were 
difficult to distinguish due to the large ranges in distinguishing characteristics, they were only 
specified as being either segmented or non-segmented, and were enumerated as such.  While 
most copepods orders are considered to be planktonic or free-living, there are some sub-orders  
Figure 3.6.  Collection process showing invertebrate sample being filtered into 
sieve specified by grain size and transfer of sample to sample jar. 
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 that can also be considered benthic [Thorp and Covich, 
2001].  Copepods found within the sample that fall under 
either sub-orders Harpacticoida or Cyclopoida, were 
enumerated and counted as benthic invertebrates.  Copepods 
are mostly transparent, have either five or six pairs of 
appendages, one pronounced antennae and a second smaller 
one, and two caudal rami [Thorp and Covich, 2001].  
Cyclopoida copepods differ from Harpacticoidas in that they 
have a singular eye spot, a distinct oval body form, and more 
pronounced antennae than Harpacticoidas [Thorp and 
Covich, 2001].  
The order Acarina falls under the Phylum Arthropoda, are related to spiders (Class 
Arachnida), meaning they have four pairs of legs and two antennae.  More commonly known as 
water mites (Figure 3.8), they share the distinctive suction-
like mouthpart called the gnathosome with their related 
terrestrial ticks [Thorp and Covich, 2001].  From the Phylum 
Mollusca, there are two potential classes that can be observed 
in the samples, one being Gastropoda (snails) and the other 
Bivalvia (scallops, clams, oysters and mussels); and are easily 
identified by either a coiled or spiraled single shell or two 
bilaterally symmetrical shell halves, as well as an internal 
shell [Thorp and Covich, 2001]. 
  
Figure 3.8.  Picture of a water 
mite (Order Acarina) 
Figure 3.7.  Dissecting microscope with 
inset showing counting chamber plate. 
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A considerable amount of benthic invertebrates come from the Class Insecta (insects), which 
has ten different orders of insects that have aquatic species; Plecoptera, Ephemeroptera, Odonata, 
Trichoptera and Megaloptera, Heteroptera, Coleoptera, Diptera, Lepidoptera, and Neuroptera 
[Ward, 1992; Thorp and Covich, 2001; Merritt et al., 2008].  The order Colembolla (common 
name, springtails) also falls under Class Insecta, but are only marginally associated with aquatic 
habitats; nevertheless they are often present in samples and were considered as aquatic for the 
purposes of this study [Merritt et al., 2008].  Each individual specimen was identified by distinct 
morphological characteristics, yet only the most common and distinct were addressed here.  In 
the order Plecoptera, with aquatic members more commonly known as stoneflies, are noted by 
the presence of 2 cerci ending on their two- or three-segmented abdomen, with gills present 
along the base of their legs, head or thorax [Merritt et al., 2008].  Mayflies (order 
Ephemeroptera) have either two or three caudal filaments, with plate-like, filamentous, or 
feathery gills generally located on the sides [Merritt et al., 2008].  The nymphs from the order 
Odonata (dragonflies and damselflies) are distinguished by an elongated, hinged lower lip, a 10-
segmented abdomen [Merritt et al., 2008].   
Caddisflies (order Trichoptera) are wormlike that 
either construct silk filter nets or live within tubular 
cases built from sand or leaf fragment [Thorp and 
Covich, 2001; Merritt et al., 2008] as the example 
seen in Figure 3.9.  They are distinguishable from 
other wormlike larval orders such as Diptera due to 
the three-part division of the head capsule, curved 
mandibles, and the presence of jointed thoracic 
Figure 3.9.  Picture of a net-spinning caddisfly 
dwelling. 
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limbs.  One of the most diverse orders, Diptera, includes mosquitoes, black flies, and non-biting 
midges (family Chironomidae) [Thorp and Covich, 2001; Merritt et al., 2008].  Generally the 
immature stages are aquatic, and become terrestrial with adulthood.  They are identifiable by the 
absence of jointed thoracic limbs, flexible thorax and abdomen (8- or 9-segments), and prolegs 
or tubercles.  Beetles comprise the largest order (Coleoptera, common names riffle beetles and 
water pennies) of class Insecta, and are broadly distinguished by heavily sclerotized carapace, 
head and largely immovable segments (between 8 and 11), and distinct mandibles; yet share 
jointed thoracic limbs similar to Trichoptera [Merritt et al., 2008].  Order Megaloptera, which 
contains the fishflies, dobsonflies and alderflies, only have their larval stage in the aquatic 
environment [Merritt et al., 2008].  An extremely robust mandible is just one very distinct 
characteristic of Megaloptera, along with each abdominal segment possessing a pair of filaments, 
and a four-segmented antennae [Merritt et al., 2008]. 
3.2.5 Statistical tests 
The total number of invertebrates, as well as density (abundance of individuals per square 
centimeter of surface area), per grain size was determined.   Values for abundance, as well as 
density, per quadrant were tested to determine whether there was a statistically significant 
difference between grain sizes via standard one-tailed Mann-Whitney U statistical tests at 95% 
confidence level.  A two-tailed Spearman ρ correlation analysis using SPSS statistical software 
was used to determine whether there was a correlation between critical shear stress and 
invertebrate abundance, as well as with invertebrate density; also at the 95% confidence level.  
Nonparametric statistical tests were selected because distributions are not required to be 
normally distributed and are generally for smaller sample sizes. 
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3.2.6 Surface area analysis 
Benthic invertebrate density is the measure of the number of individuals per square 
centimeter of exposed bed particles.  To determine the surface area of irregularly-shaped grains, 
the surface area of an individual grain size fraction was calculated by taking the mean of two 
values: the surface area of a cube and the surface area of a sphere, using the diameter of the b-
axis (intermediate side) for each of the eight grain sizes.  The surface area of each individual 
grain was then multiplied by the number of stones collected along the entire stream reach to get 
the cumulative surface area, for all grains counted at that particular grain size.  Once the total 
surface area was known, the amount of surface area affected by the embeddedness of the stone 
was calculated. 
3.2.7 Embeddedness 
How much a grain is embedded can alter the amount of surface area available for benthic 
invertebrates to dwell on, and therefore an embeddedness factor was calculated to decrease the 
available surface area prior to determining invertebrate density values.  The assumption is that 
the larger the grain size, the greater portion of the grain that will be embedded, and thus the 
surface area available to benthic invertebrates will be decreased.  To determine the percent of 
surface area presumed to be embedded, the D50 (64 mm) was used as the standard measurement 
subtracted from the length of all grain sizes larger than the D50 (Figure 3.10).  By using the D50, it 
accounts for the hiding and sheltering effects experienced by the smaller grains, while still 
allowing for the larger size fractions to be sufficiently embedded.  The new measurement was 
then divided by the original grain size to calculate the percent of embeddedness.  The percent of  
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embeddedness was then subtracted from 100% to calculate the percent of exposed surface area 
available to invertebrates.  The new surface area was then multiplied by the number of stones 
collected across the study segment and used to determine invertebrate density once divided into 
invertebrate abundance values for each grain size. 
                   
  
                                                     
                                                                           
 
4 RESULTS 
4.1 Site Characteristics 
 The stream reach measured between 7 and 9 meters in width and 14 meters in length.  
Mapped cross-section geometry confirmed that the channel was uniform and straight, with slight 
changes in left bank elevations in the downstream direction (Figure 4.1, See APPENDIX A for 
individual cross section geometries). The water surface slope was determined to be 0.0058 
(Figure 4.2) and the low-flow discharge was 0.2 m
3
/s (See APPENDIX A for channel discharge 
measurements).  Wolman pebble counts conducted for each of the ten quadrants are listed on 
Figure 4.3, with the overall D50 for the entire study reach being 64 mm and the D84, 128 mm (See 
APPENDIX B for individual quadrant pebble counts).   
Channel 
Bed 
Exposed surface 
area 
Portion of 
surface area 
embedded 
cm 
 6.4 9.0  
12.8 cm 
 
25.6 cm 
2.26cm 
3.2 cm 4.5 cm 
cm 
Figure 3.10.  Illustration showing how the ‘percent of exposed surface area’ was calculated. 
(6) 
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Figure 4.1.  Cross sectional geometry. 
Figure 4.2.  Water surface slope at low-flow 
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4.2 Shear stress, Shields stress and critical Shields stress 
Before being able to determine Shields stress, the 
Manning‟s n values were determined to be 0.057 and 
0.069, taken from the mean of all the different 
measures and the formula for Manning‟s n, 
respectively.  Both values of Manning‟s n when 
plugged into the HEC-RAS model, calculated the same 
mean hydraulic radius across the eight cross-sections, 
and was calculated as 0.32 meters.  The hydraulic 
radius was then plugged into the DuBoys equation 
along with the water surface slope (0.0058) to calculate 
the bankfull boundary shear stress of 18.44 N/m
2
.  The 
bankfull boundary shear stress is the numerator of the Shields equation to determine the bankfull 
Shields stress (equation 2).  Using a D50 value of 0.064 meters and normal water and sediment 
densities, the dimensionless bankfull Shields stress for 
Smith Creek was calculated as 0.018.  From the D50 of 
0.064 m and D84 of 0.128 m, critical Shields stress 
values were calculated for each of the eight grain sizes 
collected (Table 4.1).  Critical Shields stress values 
increased with decreasing grain size, ranging from 
0.011 for the largest grain size to 0.327 for the smallest 
grain size.  The Wiberg & Smith [1987] model does not  
  
Grain 
size (cm) 
D50 - 6.4 cm  
D84 - 12.8 cm 
2.26 0.327 
3.2 0.160 
4.5 0.092 
6.4 0.056 
9.0 0.036 
12.8 0.024 
18.0 0.016 
25.6 0.011 
D16:  3.2 
D50:  6.4 
D84:  12.8 
D16:  3.2 
D50:  6.4 
D84:  12.8 
D16:  2.26 
D50:  6.4 
D84:  12.8 
D16:  3.2 
D50:  4.5 
D84:  12.8 
D16:  1.6 
D50:  6.4 
D84:  9.0 
D16:  1.6 
D50:  4.5 
D84:  12.8 
D16:  2.26 
D50:  6.4 
D84:  9.0 
D16:  2.26 
D50:  6.4 
D84:  12.8 
D16:  1.6 
D50:  4.5 
D84:  12.8 
D16:  1.6 
D50:  4.5 
D84:  12.8 
Q9 
Q7 
Q5 
Q3 
Q1 
Q10 
Q8 
Q6 
Q4 
Q2 
Figure 4.3.  Wolman pebble count results by 
quadrant (units, cm). 
Table 4.1.  Critical Shields stress values 
per grain size fraction. 
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account for the partial embeddedness and less relative exposure of the larger grains, and thus the 
calculated critical Shields stress for the larger grains is expectedly lower and more conservative. 
4.3 Embeddedness 
The embeddedness of all grains larger than 64 mm was calculated, resulting in a reduction to 
the surface area of grain sizes 90, 128, 180 and 256 mm (Table 4.2).  The 90 mm grain side, after 
being reduced by 64 mm, was determined to be 28.9% embedded.  The remaining 71.1% of the 
grain was presumed exposed, thus the percent of the grain that was potentially exposed 
(depending on the size of the neighboring grains) was 0.711, resulting in a decrease in available 
surface area from 370.23 cm
2
 to 263.24 cm
2
.  The calculated surface area for 128 mm grain size 
was reduced by 50%, from 748.88 cm
2
 to 374.44 cm
2
.  The percent potentially exposed surface 
area for 180 mm grain size was 0.356, meaning only 35.6% of the surface area was exposed, 
resulted in a decrease in surface area from 1480.94 cm
2
 to 527.21 cm
2
.  The grain with the 
largest proportion of surface area embedded was the 256 mm grain size, which saw a reduction 
in the calculated surface area from 2995.52 cm
2
 to 748.88 cm
2
, due to nearly 75% of the grain 
being embedded.  These reduced surface area estimates affected calculations of invertebrate 
density per grain size fraction, as discussed below. 
Table 4.2.  Percent of potential exposure used to reduce surface area of larger grains to account for 
embeddedness. 
Grain 
size (cm) 
Mean 
surface area  
(cm
2
) 
% of 
embeddedness 
% potentially 
exposed* 
Exposed surface 
area (cm
2
) 
2.26 23.35 0.0 100.0 23.35 
3.20 46.80 0.0 100.0 46.80 
4.50 92.56 0.0 100.0 92.56 
6.40 187.22 0.0 100.0 187.22 
9.00 370.23 28.9 71.1 263.24 
12.80 748.88 50.0 50.0 374.44 
18.00 1480.94 64.4 35.6 527.21 
25.60 2995.52 75.0 25.0 748.88 
*
Dependent on neighboring grains. 
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4.4 Benthic Invertebrates 
4.4.1 Benthic invertebrate abundance 
The total number of benthic invertebrates counted along the entire reach was 9,114, with a 
majority of the invertebrates comprising four Orders:  Ephemeroptera, Plecoptera, Trichoptera, 
and Diptera (Table 4.3), individual quadrant numbers are located in APPENDIX C).  Diptera 
was the largest group represented, followed by Ephemeroptera, with Plecoptera and Trichoptera 
having similar values.  The greatest abundance was observed on the 18.0 cm size, with a 
notably decreased abundance on either side, both in the previous smaller grain size of 12.8 cm 
and the larger 25.6 cm grain size.  The total abundance for each grain size increased with 
increasing grain size from 2.26 cm to 18.0 cm, before abundance levels for the largest grain size 
(25.6 cm) dropped back to those similar to the 12.8 cm grain size (Figure 4.4).  However, not all 
differences in abundance between grain sizes were found to be statistically significant, as 
compared by standard one-tailed Mann-Whitney U tests (See APPENDIX D for statistical 
output charts) at the 95% confidence level.  For all grain sizes up to 6.4 cm, abundance values 
were found to be significantly different for grain sizes through 25.6 cm (p-value < 0.01).  For 
the 9.0 cm grain size, abundance was not statistically different than the abundance of the 12.8 
cm grain size (p-value 0.062), yet was significantly different than all other grains sizes, 
including the 18.0 cm  and 25.6 cm grain sizes (p-value <0.01).  The 12.8 cm grain size 
abundance was not statistically different than either the 9.0 cm or the 25.6 cm grain size values 
(p-value; 0.230), while the 18.0 cm grain size abundance was statistically different than the 
abundance of all other grain sizes (p-value < 0.01), except for the 25.6 cm grain size (p-value 
0.073).  The abundance values for the 25.6 cm grain size were not statistically different than the 
12.8 cm (p-value; 0.230) and 18.0 cm grain sizes (p-value; 0.073).  While there is a substantive 
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amount of variability in abundance between grain sizes as well as in individual quadrants, the 
difference in abundance values of the postulated preferential grain size (18.0 cm) were only 
found to be significant with the abundance of smaller grain sizes, and while not statistically 
different than the larger 25.6 cm grain size at the 95% confidence level, the values are still close 
enough to be suggestive.   
Table 4.3.  Benthic invertebrate abundance by grain size and order. 
 
4.4.2 Benthic invertebrate density 
Using the newly calculated grain surface area that accounts for embeddedness of grains 
larger than 6.4 cm (Table 4.2), the density of invertebrates for each of the eight grain sizes was 
determined (Table 4.4).  Even after accounting for the partial embeddedness of coarse grains, 
invertebrate density gradually increased with increasing grain size but really only after the 6.4 
cm grain sizes.  The 2.26 cm grain size had a density of 0.0694 inverts/cm
2
, and increased to 
0.0731/cm
2
 for the 3.2 cm grains before dropping down to 0.0711/cm
2
 for the 4.5 cm grain size 
and again to 0.0683/cm
2
 for 6.4 cm grain sizes.  For the 9.0 and 12.8 cm grain sizes, the densities 
were similar, at 0.901/cm
2 
and 0.0895, respectively; while the 18.0 and 25.6 cm grain sizes 
Total Abundance Grain size (cm) 
Order 2.26 3.2 4.5 6.4 9.0 12.8 18.0 25.6 Total 
Ephemeroptera 15 30 49 150 297 431 834 479 2285 
Plecoptera 13 30 51 95 175 263 463 237 1327 
Trichoptera 6 17 40 86 149 227 467 237 1229 
Diptera 30 68 134 224 409 582 1138 660 3245 
Coleoptera 1 1 7 10 37 43 65 31 195 
Acarina 2 1 14 19 22 34 51 28 171 
Harpacticoida
*
 8 11 21 33 68 63 139 36 379 
Cyclopoida
*
 1 2 3 6 15 14 48 19 108 
Collembola 1 0 0 0 1 0 0 1 3 
Odonata 0 0 0 0 0 0 0 1 1 
Megaloptera 0 0 0 1 0 0 1 3 5 
Unionoida 0 0 0 0 0 0 4 1 5 
Segmented worm 0 1 2 6 4 15 10 8 46 
Unsegmented worm 4 10 8 9 9 3 55 17 115 
Totals: 81 171 329 639 1186 1675 3275 1758 9114 
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yielded density values of 0.1350/cm
2
 and 0.1677/cm
2
, respectively.  However, differences in 
invertebrate densities were only statistically different between grain sizes of 2.26 to 12.8 cm and 
18.0 cm, as well as 25.6 cm grain sizes (p-value <0.05, Figure 4.5), and there was also no 
statistical difference between the invertebrate densities of the 18.0 cm and 25.6 cm grains.  The 
varying densities between grain sizes including and smaller than 12.8 cm, and the 18.0 and 25.6 
cm grains is suggestive of 2 different groups, one group including grain sizes from 2.26 cm to 
12.8 cm and the other consisting of grain sizes 18.0 and 25.6 cm. 
Table 4.4.  Invertebrate density accounting for embeddedness. 
 
4.4.3 Benthic invertebrate abundance and density by Order, per grain size 
The four orders of benthic invertebrates with the largest abundance were Ephemeroptera, 
Plecoptera, Trichoptera and Diptera.  For the 2.26 cm grain size, the only significant difference 
among the orders occurred between Plecoptera and Diptera; (Diptera were more abundant, p-
value <0.05, see APPENDIX D for statistical output for all Order comparisons).  For the 3.2 and 
4.5 cm grain size fractions, Diptera had greater abundance than all other orders (p-value <0.05).  
Abundances of Diptera and Ephemeroptera were both significantly greater than for Plecoptera 
and Trichoptera for the 6.4 cm grain size fractions (p-value <0.05), yet neither pair were 
significantly different from each other.  Abundances for the 9.0, 12.8, and 18.0 cm grain sizes 
Grain size 
(cm) 
Total 
Abundance 
Exposed surface 
area (cm
2
) per 
individual grain 
Total surface area for all 
grains collected in reach 
Invertebrate 
Density  (#/cm
2
) 
2.26 81 23.35 1167.29 0.07 
3.20 171 46.80 2340.25 0.07 
4.50 329 92.56 4627.93 0.07 
6.40 639 187.22 9360.99 0.07 
9.00 1186 263.24 13161.83 0.09 
12.80 1675 374.44 18721.98 0.09 
18.00 3275 527.21 24251.83 0.14 
25.60 1758 748.88 10484.31 0.17 
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were similar for Ephemeroptera and Diptera, and were significantly greater than both Plecoptera 
and Trichoptera (p-values < 0.05).  There was no significant difference in abundance between 
Plecoptera and Trichoptera for those grain sizes.  For the largest grain size fraction (25.6 cm), the 
Diptera were significantly more abundant than Plecoptera and Trichoptera (p-value = 0.047); and 
abundances of Ephemeroptera, Plecoptera and Trichoptera were not significantly different from 
each other.  Overall, the two orders with the greatest abundance were Ephemeroptera and 
Diptera.  
Overall, invertebrate densities of Diptera were highest, but were similar to Ephemeroptera for 
the largest grain size fractions (6.4 cm and coarser).  Whereas for the 2.26 cm grains, the only 
significantly different orders were Diptera and Trichoptera, Diptera had significantly greater 
density values than all other order for the 3.2 and 4.5 cm grain sizes (p-value < 0.05, see 
APPENDIX D for statistical outputs).  For the 9.0, 12.8, and 18.0 cm grain size fractions, while 
Ephemeroptera and Diptera were not significantly different in density, they had significantly 
greater density than either Plecoptera or Trichoptera (p-value < 0.05).  Ephemeroptera was found 
to have significantly greater densities than both Plecoptera and Trichoptera on the 25.6 cm grain 
size fraction (p-value < 0.05), while all other orders were significantly similar.  Additional 
details regarding benthic invertebrate density per grain size fraction may be found in 
APPENDIX D. 
4.4.4 Correlative relationships with critical Shields stress 
Critical Shields stress and invertebrate abundance were found to have a negative correlative 
relationship; (-0.976, p-value <0.01; Figure 4.6), as well as invertebrate density and critical 
Shields stress (-0.810; p-value <0.01; Figure 4.7).  In both cases, as grain size increased the 
measures for abundance and density decreased.  Invertebrate abundance exhibited a stronger 
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negative relationship with critical Shields stress than invertebrate density; approximately 45% of 
the variance in abundance values for each grain size is accounted for by the critical shear stress 
for each grain size (r
2
 = 0.451), yet only 28.9% of the variance in invertebrate density (r
2
 = 
0.289). 
 
 
 
 
 
 
 
 
 
  
Figure 4.4.  Scatter plot, Grain size vs. Abundance. 
Figure 4.6.  Scatter plot, Critical Shields stress vs. 
Abundance. 
Figure 4.5.  Scatter plot, Grain size vs. Density. 
Figure 4.7.  Scatter plot, Critical Shields stress vs. Density. 
(cm) (cm) 
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5 DISCUSSION 
5.1 Sediment transport potential 
With the mean grain size for the study segment being 6.4 cm, the channel bed is comprised 
mostly of pebble and cobble sized grains, with nearly an equal distribution of grains sizes either 
larger or smaller.  Due to the large grain size of the channel bed and the relatively low, stable 
banks, the bankfull Shields stress exerted on the channel bed was expected to be fairly low.  As 
illustrated by the Shields equation (2), as the median grain size (D50) increases, the smaller the 
Shields stress exerted on the channel bed.  The calculated bankfull Shields stress for the reach 
was 0.018, well below some of the critical shear stress values calculated for each of the 
individual grain sizes (Table 4.1).  According to the data, only grain sizes larger than 12.8 cm 
would be susceptible to entrainment at bankfull discharge.  Though larger particles intrinsically 
require larger shear stresses to become entrained due to submerged grain weight [Powell, 1998; 
Buffington and Montgomery, 1999], in this case the lower critical shear stress is largely a product 
of their greater exposure to flow and thus to the shear stress being exerted on the channel 
boundary [Wiberg and Smith, 1987; Clayton, 2010].  The smaller grains that have larger critical 
Shields stress values, are less likely to experience entrainment due to the effects of hiding and 
sheltering amongst the larger grains, particularly due to the coarseness of the D50 [Wiberg and 
Smith, 1987].  With bankfull Shields stress along the channel boundary of 0.018, by and large 
there appears to be insufficient shear stress at even bankfull discharge to initiate substantive 
entrainment along the boundary; most of the grain sizes would still not be transported.  Very 
rare, greater-than-bankfull flows are probably needed to initiate fully-mobile bed conditions in 
Smith Creek.  A veneer of finer grain sizes are likely winnowed away by frequent, low-
magnitude flows leaving the surface layer with a D50 of 6.4 cm, having undergone an armoring 
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effect, which essentially serves to further hinder the mobilization of bed grains [Knighton, 1998; 
Charlton, 2007].  Textural modifications on the channel bed, such as sheltering, variations in 
sorting, imbrication, or embeddedness can also affect entrainment by increasing the critical 
Shields stress [Matthaei, 1999].   
5.2 Benthic invertebrate abundance and density by grain size 
As noted earlier, the preference of benthic invertebrates to inhabit particular grain sizes has 
been well established [Cummins and Lauff, 1969; Hynes, 1970; Williams and Mundie, 1978; 
Williams, 1980].  Invertebrate abundance steadily increased with the increasing surface area 
availability (related to increasing grain size), yet with a greater percentage of surface area 
embedded (Table 4.2), abundance values for the 25.6 cm grain size fell and became similar in 
value to 12.8 cm grain size (Figure 5.1, p-value <0.01).  The surface area for 25.6 cm grains was 
nearly twice that of the 12.8 cm grain size, even after taking embeddedness into account.  
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Figure 5.1.  Chart of invertebrate abundance per grain size. 
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However, differences in abundance between grains sizes of 12.8 cm, 18.0 cm and 25.6 cm were 
not found to be significantly different, therefore care must be taken in the interpretation of these 
results (see APPENDIX D for Mann-Whitney U results).  
Invertebrate density increased as well, with increasing grain size (Figure 5.2, p-value <0.01).  
However, differences in density were only statistically significant between the two largest grains 
sizes and all grain sizes smaller than 18.0 cm, and differences between the two largest grains 
were not statistically different.  In Reice [1980], invertebrate density illustrated a partiality for 
the largest grain sizes, overall relating invertebrate preference to intermediate grain sizes 
between small boulders and larger pebbles.  Our findings are similar to Reice [1980] in that 
density values were significantly higher for the two largest grain sizes.  There are some issues 
however, with comparing invertebrate density measures between studies, for the methods used to 
calculate the surface area to determine density widely vary. 
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Previous studies have either used Surber samplers with defined openings to determine the 
surface area of their collection [Quinn and Hickey, 1994], while others have measured true 
surface area by foil wrapping [Matthaei et al., 2000].   In this study, the individual surface area 
of each grain was calculated by taking the mean of the surface area of a cube and of a sphere, 
and multiplying it by the number of stones collected for the entire reach.  There are inherent 
issues with calculating surface area in this matter, as stones can often be elongated increasing the 
assumed surface area; while in this process, it is assumed to be perfectly square or round, 
potentially reducing the effective surface area.  However, because the calculation is applied 
uniformly to all grain sizes, the error is systematic and unbiased.   Additionally, the method used 
to calculate embeddedness per individual grain size is only an estimate of the change in exposed 
surface area.  The D50 was used for calculations of embeddedness, yet the relationship between 
the median grain size and individual grain embeddedness is generally unknown, and could 
potentially be a source of error in determining the surface area exposed, and thus invertebrate 
density.  Also, while this analysis used a linear reduction in surface area to account for the 
proportion of grains that would have been buried below surficial, finer sediments, in reality the 
change in surface area is nonlinear.  Grain shape and degree of sphericity affect this calculation 
and these values were not obtained during the collection of field samples in this study.  The 
degree of uncertainty introduced by using a linear reduction in surface area is likely less than the 
uncertainty related to the use of the median grain size for the embeddedness depth, however.  
Future work involving field verification of these results will help clarify how best to 
appropriately characterize the embeddedness of coarse grains in similar sedimentary 
environments.    
40 
 
5.3 Benthic invertebrate abundance and density by Order 
For nearly all grain sizes, the Diptera were the most abundant and had the greatest density, 
closely followed by Ephemeroptera.  There do not appear to be consistent, significant grain size 
preferences between these two benthic invertebrate orders, neither demonstrated a preference for 
a particular grain size.  Though the use of invertebrates for biomonitoring often requires 
resolving benthic identifications to the Genus level [Resh and Unzicker, 1975; Merritt et al., 
2008], certain qualitative observations can still be made.  Abundant Diptera, especially 
Chironomids, is often related to poor water quality [Merritt et al., 2008].  However, differences 
in pollution tolerances have been observed between different species of the same genus, and 
pollution-sensitive taxa have also been observed in moderate pollution regions [Merritt et al., 
2008].  Yet given that the abundance of Ephemeroptera, Plecoptera and Trichoptera in Smith 
Creek, which are considered pollutant-sensitive, it is safe to assume that the quality of the stream 
is fairly high.   
5.4 Benthic invertebrate abundance and critical Shields stress 
There is a negative correlative relationship between invertebrate abundance and critical 
Shields stress (r = -0.976; p-value <0.01).  Therefore, the number of invertebrates increases, as 
grain size increases and critical Shields stress decreases.  The Spearman rank correlation results 
show that abundance exhibits the same correlative strength with grain size as it does with critical 
Shields stress, due to the variables being strongly inter-related.  However, according to the r-
squared values, grain size explains nearly 64% of the variance in abundance while critical 
Shields stress only 45% of the variance.  The negative correlative relationship between the 
number of invertebrates and critical Shields stress is generally not a relationship one would 
expect.  For it would seem that as the amount of shear stress required to entrain the sediment 
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increases, the less likely the particle would be to entrainment and thus, the more likely those 
grains would be best inhabited/preferred by invertebrates.  The lower critical Shields stress 
values of the larger grains is largely due in part to the relative exposure of the larger grains, 
requiring less shear stress to be entrained than those of more sheltered, smaller grains [Fenton 
and Abott, 1977]. 
However, the potential for sediment transport in this particular stream is fairly low, given the 
bankfull Shield stress of 0.018, and is well lower than the standard threshold values used in other 
studies which range from 0.03 to 0.07 [Parker et al., 1982; Buffington and Montgomery, 1997; 
Clayton and Pitlick, 2007].  The only grains exhibiting critical Shields stress values below the 
bankfull Shield stress are sizes 18.0 cm and 25.6 cm, which due to their size are also more 
inclined to be embedded [Everest et al., 1987; Matthaei et al., 2000].  Grains which are 
embedded are also relatively more stable and can withstand higher shear stress values before 
entrainment will occur [Cobb et al., 1992; Church, 2006].  Flecker and Allan [1984], also found 
that invertebrates preferred loose grains over embedded ones, as they have greater spatial refugia 
to support a greater number than the cement-embedded substrates.  As a result of the low 
bankfull Shields stress values experienced in the reach, there is probably insufficient fluid stress 
to transport most of the sediments.  Therefore, because there is such limited potential for 
sediment transport even at bankfull levels, there is higher invertebrate abundance on the larger 
grains, despite the lower critical Shields stress values.  Similarly, Brooks et al. [2005] also 
demonstrated a strong negative correlative relationship between invertebrate abundance and  
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roughness Reynolds number and shear velocity, both proxy measures for critical Shields stress; 
and Mérigoux and Dolédec [2004] found a strong positive correlative relationship with shear 
stress and invertebrate abundance, which explained nearly 94% of the variance in their autumn 
data.  
5.5 Benthic invertebrate density and critical Shields stress 
Similar to the relationship of invertebrate abundance, density values are also negatively 
correlated with critical Shields stress (r = -0.810; p-value <0.01), albeit not as strong as that of 
abundance.  For the case of invertebrate density, critical Shields stress values only account for 
about 28% of the variance in density compared to 45% for abundance.  However, grain size 
explained nearly 94% of the variance in invertebrate density (p-value <0.01), similar to that 
observed in Fairchild and Holomuzki [2002] where invertebrate density values increased with 
increasing surface area.  Invertebrate density decreases as the critical Shields stress increases, 
with the limited transport potential having a similar effect as it did for abundance.  Rempel 
[2000] found that peaks in the invertebrate density were correlated with areas of lower hydraulic 
stress or higher critical Shields stress, similar to Statzner et al. [1988] and Quinn and Hickey 
[1994]; who observed positive correlations with Reynolds values. 
Once more, the limited transport potential along the stream reach could potentially be 
altering the assumed distribution of benthic invertebrates and allowing broader spatial 
distribution of invertebrates, given that the bankfull Shields stress limits sediment mobility.  The 
recognized distribution of invertebrate density along increasing critical Shields stress (with 
Reynolds as its proxy in other studies) is based on the assumption that because the shear stress 
along the segment is insufficient even at bankfull to initiate sediment transport, in this particular 
study segment, the same spatial distribution relationships do not exist.    
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Invertebrate density was highest among the two largest grain sizes, 18.0 cm and 25.6 cm, as 
well as statistically different from all other, smaller grain sizes.  This relationship suggests that 
there are two different groups of varying invertebrate densities; the smaller sized grains and the 
larger sized grains, and likely the consequence of varying grain stability.  The disparity in 
invertebrate density values could be associated with the greater stability of the larger grains due 
to embeddedness.  While the larger grains have lower critical Shields stress values, they are 
conservative measures; for the Wiberg and Smith [1987] model used to calculate critical Shields 
stress values does not account for particle embeddedness and can overestimate values based on 
the greater exposure of larger grains compared to its neighboring grains.  The smaller grains 
were determined to have higher shear stress values due to hiding and sheltering effects from 
grain sizes 6.4 cm and larger (D50).  Ultimately, the invertebrate densities on the smaller grains 
(Group 2 on Figure 5.2) are due to sheltering and hiding effects from larger grains, while the 
invertebrate densities on the larger grains are likely the result of greater stability due to 
embeddedness.  The low Shields stress values at bankfull also play a role in the distribution of 
benthic invertebrates, for there is insufficient fluid stress to initiate sediment transport. 
6 CONCLUSIONS 
The results of this study further confirm the relationship between benthic invertebrate 
distribution and grain size preference, and emphasize the role substrate stability may play. These 
results further underscore the importance of combining ecological and geomorphological 
approaches when studying benthic invertebrate distribution [Mérigoux and Dolédec, 2004].  
Additional research along stream reaches with known Shields stress that surpass threshold values 
would allow greater exploration into the relationship between invertebrate distribution and 
critical Shields stress.  The spatial relationship or importance of microhabitat in terms of 
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hydraulic preferences is a valuable tool in its application towards stream restoration and habitat 
reconstruction [Jowett, 2003].  Stream management will benefit from the integration of near-bed 
hydraulic processes and preferences of benthic invertebrates, which are essential to the health of 
streams, with instream habitat models [Rempel et al., 2000].   
Habitat suitability curves can be further improved by incorporating the importance of flow 
and critical Shields stress into flow management decisions [Gore et al., 2001; Hannah et al., 
2004], improving our understanding of community composition, and making habitat suitability 
modeling more precise [Mérigoux and Dolédec, 2004].  Instream flow needs can be more 
accurately predicted, improving the suitability of habitats downstream from dam discharges.  In 
addition, better understanding of flow management can aid in understanding the distribution of 
exotic or invasive species in order to inhibit their advantage and proliferation in certain habitats. 
With the growing demand over water resources, understanding minimum flow requirements for 
ecological health are also important, even more so with the progressive climate change. 
This study could be further improved by incorporating these data into a larger research 
project that utilizes the bankfull Shields stress values and hydraulic characteristics to assess and 
predict benthic invertebrate distribution in a large number of streams in differing physiographic 
settings.  Additionally, this information could be used to restore segments of the channel to 
reduce erosion of the banks, as it is located downslope from a road, which could eventually be 
undercut and fail from overburdening.    
Benthic invertebrates are known to have seasonal distributions involving various instars and 
life phases; these can be difficult to identify during larval stages.   Additionally, separate orders 
of invertebrates use specific seasons for distinct life stages, resulting in overlaps or a complete 
absence of certain orders during particular seasons.  Given the time frame required to complete 
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this study field work was limited to the one fall season.  Ideally, the study would to include the 
collection of invertebrates over different seasons to determine whether seasonal variations occur. 
Additional research could expand the study to include a more extensive temporal range 
inclusive of different seasons, with consideration over longer time periods.  The taxonomic 
resolution could also further be increased to genus or species level identification to determine 
whether different genus/species of the same order exhibit different relationships.  The question 
still remains as to whether streams from different regions exhibit the same patterns, and whether 
invertebrates endemic to that area have evolved to withstand higher shear stress due to broad 
variations in discharge or frequency of disturbance events.  It would also be interesting to see 
whether there is a relationship between functional feeding groups, flow exposure groups, or body 
form traits, and critical Shields stress. .   
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APPENDIX A 
Stream characteristics 
Individually graphed cross-sections (see Figure 3.2 for transect location within the stream reach). 
 
 
 
 
  
0
25
50
75
100
125
150
175
200
225
0 100 200 300 400 500 600 700 800
D
ep
th
 (
cm
)
Channel cross-sectional length (cm)
Cross section 1
Channel boundary
WS
0
25
50
75
100
125
150
175
200
0 100 200 300 400 500 600 700 800
D
ep
th
Channel cross-sectional length
Cross section 2
0
25
50
75
100
125
150
175
200
0 100 200 300 400 500 600 700 800
D
ep
th
Channel cross-sectional length
Cross section 3
0
25
50
75
100
125
150
175
200
0 100 200 300 400 500 600 700 800
D
ep
th
Channel cross-sectional length
Cross section 4
54 
 
 
 
 
 
 
0
25
50
75
100
125
150
175
200
0 100 200 300 400 500 600 700 800
D
ep
th
Channel cross-sectional length
Cross section 5
0
25
50
75
100
125
150
175
0 100 200 300 400 500 600 700 800
D
ep
th
Channel cross-sectional length
Cross section 6
0
25
50
75
100
125
150
175
0 100 200 300 400 500 600 700 800
D
ep
th
Channel cross-sectional length
Cross section 7
0
25
50
75
100
125
150
175
0 100 200 300 400 500 600 700 800
D
ep
th
Channel cross-sectional length
Cross section 8
55 
 
Stream discharge measurement 
 
Site:  Smith Creek Instrument:  Pygmy Price AA Meter 
    Left bank edge:  
1.95 m 
Right bank edge: 
  6.95 m 
Area 
 
Q 
Distance 
from bank 
(m) 
Depth     
(m) 
Revo-
lutions 
Time     
(sec) 
Vel     
(m/s) 
Width     
(m) 
Mean 
Depth  
(m) 
Area          
(m
2
) 
Mean       
Vel. 
(m/s) 
q (m
3
/s) 
1.95 0 0 0 0 0 0.000 0.000 0.0000 0.0000 
2.15 0.09 50 44 0.342 0.20 0.045 0.009 0.1710 0.0015 
2.50 0.19 50 43 0.35 0.35 0.140 0.049 0.3460 0.0170 
2.80 0.18 60 46 0.391 0.30 0.185 0.056 0.3705 0.0206 
3.35 0.13 60 46 0.391 0.55 0.155 0.085 0.3910 0.0333 
3.80 0.18 40 42 0.288 0.45 0.155 0.070 0.3395 0.0237 
4.20 0.18 60 47 0.383 0.40 0.180 0.072 0.3355 0.0242 
4.75 0.09 60 43 0.418 0.55 0.135 0.074 0.4005 0.0297 
5.25 0.13 50 46 0.328 0.50 0.110 0.055 0.3730 0.0205 
5.55 0.12 50 41 0.366 0.30 0.125 0.038 0.3470 0.0130 
6.00 0.17 40 50 0.244 0.45 0.145 0.065 0.3050 0.0199 
6.50 0.10 15 48 0.101 0.50 0.135 0.068 0.1725 0.0116 
6.95 0.00     0 0.45 0.050 0.023 0.0505 0.0011 
Mean velocity = 0.3002 m/s                                    Total area = 0.663 m
2
                   Low-flow Q = 0.2 m
3
/s 
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APPENDIX B 
Wolman pebble counts by individual quadrant 
 
Quadrant 6 
 
Quadrant 7 
 
Quadrant 8 
 
Quadrant 9 
 
Quadrant 10 
 
Totals 
cm Count 
 
cm Count 
 
cm Count 
 
cm Count 
 
cm Count 
 
cm Count 
25.6 1 
 
25.6 2 
 
25.6 2 
 
25.6 2 
 
25.6 4 
 
25.6 15 
18 5 
 
18 3 
 
18 7 
 
18 7 
 
18 9 
 
18 53 
12.8 10 
 
12.8 12 
 
12.8 11 
 
12.8 11 
 
12.8 16 
 
12.8 108 
9 23 
 
9 18 
 
9 18 
 
9 12 
 
9 19 
 
9 165 
6.4 14 
 
6.4 14 
 
6.4 20 
 
6.4 19 
 
6.4 20 
 
6.4 202 
4.5 17 
 
4.5 19 
 
4.5 18 
 
4.5 20 
 
4.5 15 
 
4.5 160 
3.2 9 
 
3.2 10 
 
3.2 13 
 
3.2 15 
 
3.2 10 
 
3.2 110 
2.2 5 
 
2.2 10 
 
2.2 8 
 
2.2 9 
 
2.2 4 
 
2.2 82 
1.6 6 
 
1.6 6 
 
1.6 2 
 
1.6 3 
 
1.6 3 
 
1.6 49 
1.1 4 
 
1.1 4 
 
1.1 1 
 
1.1 2 
 
1.1   
 
1.1 27 
0.8 3 
 
0.8 1 
 
0.8   
 
0.8   
 
0.8   
 
0.8 16 
0.56 2 
 
0.56 1 
 
0.56   
 
0.56   
 
0.56   
 
0.56 9 
0.4 1 
 
0.4   
 
0.4   
 
0.4   
 
0.4   
 
0.4 3 
0.28   
 
0.28   
 
0.28   
 
0.28   
 
0.28   
 
0.28 1 
0.2   
 
0.2   
 
0.2   
 
0.2   
 
0.2   
 
0.2 0 
Total 100 
 
Total 100 
 
Total 100 
 
Total 100 
 
Total 100 
 
Total 1000 
D16 = 1.6 cm 
 
D16 = 2.2 cm 
 
D16 = 3.2 cm 
 
D16 = 3.2 cm 
 
D16 = 3.2 cm 
 
D16T = 2.2 cm 
D50 = 6.4 cm 
 
D50 = 4.5 cm 
 
D50 = 6.4 cm 
 
D50 = 6.4 cm 
 
D50 = 6.4 cm 
 
D50T = 6.4 cm 
D84 = 12.8 cm 
 
D84 = 12.8 cm 
 
D84 = 12.8 cm 
 
D84 = 12.8 cm 
 
D84 = 12.8 cm 
 
D84T = 12.8 cm 
Quadrant 1 
 
Quadrant 2 
 
Quadrant 3 
 
Quadrant 4 
 
Quadrant 5 
cm Counts 
 
cm Counts 
 
cm Counts 
 
cm Counts 
 
cm Counts 
25.6   
 
25.6   
 
25.6 2 
 
25.6 2 
 
25.6   
18 4 
 
18 7 
 
18 3 
 
18 3 
 
18 5 
12.8 14 
 
12.8 9 
 
12.8 6 
 
12.8 11 
 
12.8 8 
9 17 
 
9 15 
 
9 13 
 
9 17 
 
9 13 
6.4 22 
 
6.4 23 
 
6.4 30 
 
6.4 25 
 
6.4 15 
4.5 11 
 
4.5 11 
 
4.5 15 
 
4.5 13 
 
4.5 21 
3.2 8 
 
3.2 13 
 
3.2 11 
 
3.2 12 
 
3.2 9 
2.2 12 
 
2.2 10 
 
2.2 8 
 
2.2 7 
 
2.2 9 
1.6 4 
 
1.6 4 
 
1.6 6 
 
1.6 4 
 
1.6 11 
1.1 2 
 
1.1 3 
 
1.1 2 
 
1.1 2 
 
1.1 7 
0.8 3 
 
0.8 2 
 
0.8 3 
 
0.8 2 
 
0.8 2 
0.56 3 
 
0.56 2 
 
0.56   
 
0.56 1 
 
0.56   
0.4   
 
0.4 1 
 
0.4   
 
0.4 1 
 
0.4   
0.28   
 
0.28   
 
0.28 1 
 
0.28   
 
0.28   
0.2   
 
0.2   
 
0.2   
 
0.2   
 
0.2   
Total 100 
 
Total 100 
 
Total 100 
 
Total 100 
 
Total 100 
D16 = 2.2 cm 
 
D16 = 2.2 cm 
 
D16 = 2.2 cm 
 
D16 = 2.2 cm 
 
D16 = 1.6 cm 
D50 = 6.4 cm 
 
D50 = 6.4 cm 
 
D50 = 6.4 cm 
 
D50 = 6.4 cm 
 
D50 = 4.5 cm 
D84 = 12.8 cm 
 
D84 = 12.8 cm 
 
D84 = 9.0 cm 
 
D84 = 12.8 cm 
 
D84 = 9.0 cm 
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APPENDIX C 
Benthic invertebrate counts by individual quadrant 
 
Quadrant 1 Grain size (cm) 
 Order 2.26 3.2 4.5 6.4 9.0 12.8 18.0 25.6 Totals 
Ephemeroptera   1 5 6 43 41 93 
No 
stones 
collected 
189 
Plecoptera 1   8 3 23 14 51 100 
Trichoptera     1 6 18 13 57 95 
Diptera 4 4 16 13 65 60 160 322 
Coleoptera         4 4 7 15 
Acarina       3   2 9 14 
Harpacticoida copepod 1 2       9 16 28 
Cyclopoida copepod   1   1 1   8 11 
Collembola               0 
Odonata               0 
Megaloptera               0 
Unionoida               0 
Segmented worm               0 
Unsegmented worm   2   4   1 16 23 
Totals: 6 10 30 36 154 144 417   797 
Density: 0.05 0.04 0.06 0.04 0.12 0.08 0.16 
  
        
  
          Quadrant 2 Grain size (cm) 
 Order 2.26 3.2 4.5 6.4 9.0 12.8 18.0 25.6 Totals 
Ephemeroptera 1 1 3 10 8 42 45 
No 
stones 
collected 
110 
Plecoptera 1 2 3 2 7 26 29 70 
Trichoptera   5 8 5 3 34 25 80 
Diptera   7 25 4 24 77 65 202 
Coleoptera     4 1   6 4 15 
Acarina     1   3 2 1 7 
Harpacticoida copepod   1 6 1   2 1 11 
Cyclopoida copepod       1 1   1 3 
Collembola               0 
Odonata               0 
Megaloptera       1       1 
Unionoida               0 
Segmented worm               0 
Unsegmented worm 2 2 5 1 3     13 
Totals: 4 18 55 26 49 189 171   512 
Density: 0.03 0.08 0.12 0.03 0.04 0.10 0.06 
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Quadrant 3 Grain size (cm) 
 Order 2.26 3.2 4.5 6.4 9.0 12.8 18.0 25.6 * Totals 
Ephemeroptera 6 4 10 23 31 52 95 58 279 
Plecoptera 3 1 9 18 15 30 48 26 150 
Trichoptera 2   7 7 20 21 42 15 114 
Diptera 11 1 12 31 69 72 109 70 375 
Coleoptera 1     4 3 6 6 3 23 
Acarina       4 2 2 5 4 17 
Harpacticoida copepod 1   5 8 38 8 13 6 79 
Cyclopoida copepod     1 1 1 4 4   11 
Collembola 1               1 
Odonata                 0 
Megaloptera               1 1 
Unionoida             1   1 
Segmented worm       1   5 6 7 19 
Unsegmented worm 2 3             5 
Totals: 27 9 44 97 179 200 329 190 1075 
Density: 0.23 0.04 0.10 0.10 0.14 0.11 0.12 0.13 
 
 
silty 
      
 
 * Only two stones 
collected 
       
  
          Quadrant 4 Grain size (cm) 
 Order 2.26 3.2 4.5 6.4 9.0 12.8 18.0 ** 25.6 * Totals 
Ephemeroptera 3 4 4 11 23 68 68 57 238 
Plecoptera 1 2 5 6 17 49 40 43 163 
Trichoptera   2 7 12 16 38 18 42 135 
Diptera 2 4 7 20 15 88 65 78 279 
Coleoptera       1 3 4 3 3 14 
Acarina       3   3 1 1 8 
Harpacticoida copepod   2     3 10 5 1 21 
Cyclopoida copepod       1 3 2 3 1 10 
Collembola                 0 
Odonata                 0 
Megaloptera                 0 
Unionoida                 0 
Segmented worm           5 3 1 9 
Unsegmented worm         1       1 
Totals: 6 14 23 54 81 267 206 227 878 
Density: 0.05 0.06 0.05 0.06 0.06 0.14 0.13 0.15 
 
* Only two stones 
collected 
   
** Only three stones 
collected 
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Quadrant 5 Grain size (cm) 
 Order 2.26 3.2 4.5 6.4 9.0 12.8 18.0 25.6 * Totals 
Ephemeroptera 3 3 2 12 35 63 52 47 217 
Plecoptera 1 7 4 6 10 31 23 28 110 
Trichoptera     2 5 7 42 35 22 113 
Diptera 5 13 16 13 54 108 77 78 364 
Coleoptera       1 4 8 3 5 21 
Acarina 1   1 1 5 14 5 4 31 
Harpacticoida copepod 1 1 1 4 5 15 3   30 
Cyclopoida copepod   1     4 5 2 2 14 
Collembola                 0 
Odonata                 0 
Megaloptera                 0 
Unionoida             1   1 
Segmented worm   1 1 1 1 5 1   10 
Unsegmented worm           2   9 11 
Totals: 11 26 27 43 125 293 202 195 922 
Density: 0.09 0.11 0.06 0.05 0.09 0.16 0.08 0.13 
 
* Only two stones 
collected 
     
very silty 
 
  
          
          Quadrant 6 Grain size (cm) 
 Order 2.26 3.2 4.5 6.4 9.0 12.8 18.0 25.6* Totals 
Ephemeroptera   2 9 6 41 19 83 21 181 
Plecoptera   3 8 2 16 6 22 16 73 
Trichoptera   3 3 7 10 5 31 15 74 
Diptera   4 18 13 31 19 99 17 201 
Coleoptera         4 4 5   13 
Acarina     2 2 2 1 2 1 10 
Harpacticoida copepod     9 4 6 3     22 
Cyclopoida copepod     2   1   5   8 
Collembola                 0 
Odonata                 0 
Megaloptera             1   1 
Unionoida             1   1 
Segmented worm                 0 
Unsegmented worm   1 1 1     1 1 5 
Totals: 0 13 52 35 111 57 250 71 589 
Density:   0.06 0.11 0.04 0.08 0.03 0.09 0.09 
 
* Only one stone 
collected 
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Quadrant 7 Grain size (cm) 
 Order 2.26 3.2 4.5 6.4 9.0 12.8 18.0 ** 25.6 * Totals 
Ephemeroptera 1 2 2 14 37 50 62 65 233 
Plecoptera 1 2 2 18 35 34 41 32 165 
Trichoptera 2 1 2 8 28 26 45 29 141 
Diptera 3 12 10 38 57 70 103 133 426 
Coleoptera     1 1 5 3 4 10 24 
Acarina 1   3   1 1 3 7 16 
Harpacticoida copepod 4     5 11 11 54   85 
Cyclopoida copepod 1       1 1 6 5 14 
Collembola               1 1 
Odonata               1 1 
Megaloptera                 0 
Unionoida             1   1 
Segmented worm     1           1 
Unsegmented worm   1 2 1 2   26   32 
Totals: 13 18 23 85 177 196 345 283 1140 
Density: 0.11 0.08 0.05 0.09 0.13 0.10 0.22 0.19 
 
* Only two stones 
collected 
   
** Only three stones 
collected 
 
 
 
          Quadrant 8 Grain size (cm) 
 Order 2.26 3.2 4.5 6.4 9.0 12.8 18.0 25.6 * Totals 
Ephemeroptera   8 9 29 40 28 155 139 408 
Plecoptera 1 3 5 7 15 19 91 49 190 
Trichoptera   4 4 9 27 6 94 53 197 
Diptera 2 16 16 32 45 30 207 203 551 
Coleoptera         7 1 13 3 24 
Acarina     4 3 3 4 15 8 37 
Harpacticoida copepod 1 4   6 5 4 33 27 80 
Cyclopoida copepod             12 7 19 
Collembola         1       1 
Odonata                 0 
Megaloptera               1 1 
Unionoida               1 1 
Segmented worm                 0 
Unsegmented worm   1     3   9 7 20 
Totals: 4 36 38 86 146 92 629 498 1529 
Density: 0.03 0.15 0.08 0.09 0.11 0.05 0.24 0.33 
 
* Only two stones 
collected 
  
All samples had greater amounts of 
detritus/silt  
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Quadrant 9 Grain size (cm) 
 Order 2.26 3.2 4.5 6.4 9.0 12.8 18.0 25.6 * Totals 
Ephemeroptera 1 3 4 28 24 35 109 5 209 
Plecoptera 4 8 3 19 14 21 80 5 154 
Trichoptera 2 1 5 21 12 20 81 8 150 
Diptera 3 4 9 35 24 21 141 5 242 
Coleoptera   1 2 2 4 2 11   22 
Acarina     1 1 2 2 7   13 
Harpacticoida copepod   1   5   1 13   20 
Cyclopoida copepod       1 2   2 1 6 
Collembola                 0 
Odonata                 0 
Megaloptera                 0 
Unionoida                 0 
Segmented worm                 0 
Unsegmented worm             3   3 
Totals: 10 18 24 112 82 102 447 24 819 
Density: 0.09 0.08 0.05 0.12 0.06 0.05 0.17 0.03 
 
* Only one stone 
collected 
      
Lots of   
 
       
detritus 
 
 
          Quadrant 10 Grain size (cm) 
 Order 2.26 3.2 4.5 6.4 9.0 12.8 18.0 25.6 * Totals 
Ephemeroptera   2 1 11 15 33 72 87 221 
Plecoptera   2 4 14 23 33 38 38 152 
Trichoptera   1 1 6 8 22 39 53 130 
Diptera   3 5 25 25 37 112 76 283 
Coleoptera         3 5 9 7 24 
Acarina   1 2 2 4 3 3 3 18 
Harpacticoida copepod             1 2 3 
Cyclopoida copepod       1 1 2 5 3 12 
Collembola                 0 
Odonata                 0 
Megaloptera               1 1 
Unionoida                 0 
Segmented worm       4 3       7 
Unsegmented worm       2         2 
Totals: 0 9 13 65 82 135 279 270 853 
Density:   0.04 0.03 0.07 0.06 0.07 0.11 0.18 
 
 
* Only two stones 
collected 
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Abundance per grain size by quadrant 
    
 
Grain size 
 
22.6 32 45 64 90 128 180 256+ 
Q1 6 10 30 36 154 144 417 0 
Q2 4 18 55 26 49 189 171 0 
Q3 27 9 44 97 179 200 329 190 
Q4 6 14 23 54 81 267 206 227 
Q5 11 26 27 43 125 293 202 195 
Q6 0 13 52 35 111 57 250 71 
Q7 13 18 23 85 177 196 345 283 
Q8 4 36 38 86 146 92 629 498 
Q9 10 18 24 112 82 102 447 24 
Q10 0 9 13 65 82 135 279 270 
Totals 81 171 329 639 1186 1675 3275 1758 
 
 
 
 
 
 
 
  
Density per grain size by quadrant 
    
 
Grain size 
 
22.6 32 45 64 90 128 180 256+ 
Q1 0.051 0.043 0.065 0.038 0.117 0.077 0.158   
Q2 0.034 0.077 0.119 0.028 0.037 0.101 0.065   
Q3 0.231 0.038 0.095 0.104 0.136 0.107 0.125 0.127 
Q4 0.051 0.060 0.050 0.058 0.062 0.143 0.130 0.152 
Q5 0.094 0.111 0.058 0.046 0.095 0.157 0.077 0.130 
Q6 0.000 0.056 0.112 0.037 0.084 0.030 0.095 0.095 
Q7 0.111 0.077 0.050 0.091 0.134 0.105 0.218 0.189 
Q8 0.034 0.154 0.082 0.092 0.111 0.049 0.239 0.332 
Q9 0.086 0.077 0.052 0.120 0.062 0.054 0.170 0.032 
Q10   0.038 0.028 0.069 0.062 0.072 0.106 0.180 
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APPENDIX D  
Statistical outputs 
 
Mann-Whitney U test, Density and grain size 
    
Grain 
 
one-tailed, 95% confidence 
   size (cm) 3.2 4.5 6.4 9.0 12.8 18.0 25.6 
2.26 
-0.328 -0.409 -0.163 -1.308 -0.899 -2.288 -2.023 
-0.390 0.360 0.453 0.106 0.200 0.011 0.023 
3.2 
- -0.152 -0.303 -1.212 -0.797 -2.575 -2.227 
- 0.456 0.398 0.124 0.218 0.005 0.014 
4.5 
- - -0.378 -1.286 -0.907 -2.798 -2.489 
- - 0.370 0.109 0.197 0.002 0.006 
6.4 
- - - -1.361 -1.285 -2.873 -2.577 
- - - 0.095 0.109 0.002 0.005 
9.0 
- - - - -0.151 -1.891 -1.867 
- - - - 0.456 0.0315 0.034 
12.8 
- - - - - -1.890 -1.866 
- - - - - 0.0315 0.034 
18.0 
- - - - - - -0.445 
- - - - - - 0.348 
           Top number is the z-score, bottom value is the p-value; bold red are 
statistically significant (α = 0.05)  
Mann-Whitney U test, Abundance and grain size 
   Grain 
 
one-tailed, 95% confidence 
   size (cm) 3.2 4.5 6.4 9.0 12.8 18.0 25.6 
2.26 
-2.428 -3.409 -3.708 -3.785 -3.784 -3.784 -3.471 
0.008 0.000 0.000 0.000 0.000 0.000 0.000 
3.2 
- -2.691 -3.562 -3.788 -3.787 -3.787 -3.385 
- 0.003 0.000 0.000 0.000 0.000 0.000 
4.5 
- - -2.42 -3.631 -3.781 -3.781 -2.98 
- - 0.008 0.000 0.000 0.000 0.000 
6.4 
- - - -2.344 -3.175 -3.78 -2.31 
- - - 0.010 0.001 0.000 0.011 
9.0 
- - - - -1.588 -3.63 -1.867 
- - - - 0.062 0.000 0.034 
12.8 
- - - - - -2.873 -0.80 
- - - - - 0.002 0.230 
18.0 
- - - - - - -1.510 
- - - - - - 0.073 
Top number is the  z-score, bottom value is the p-value; bold red are 
statistically significant (α = 0.05) 
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Mann-Whitney U test, Benthic invertebrate abundance by Order 
Grain size 
(cm) 
    
Grain size 
(cm) 
   
18.0 Plecoptera Trichoptera Diptera 
 
25.6 Plecoptera Trichoptera Diptera 
Ephemeroptera 
-2.797 -2.69 -1.778 
 
Ephemeroptera 
-1.839 -1.79 -0.894 
0.005 0.007 0.075 
 
0.066 0.07 0.371 
Plecoptera 
- -0.076 -3.327 
 
Plecoptera 
- -0.105 -1.946 
- 0.94 0.001 
 
- 0.916 0.052 
Trichoptera 
- - -3.327 
 
Trichoptera 
- - -2.00 
- - 0.001 
 
- - 0.046 
 
Top number is the z-score, bottom value is the p-value; bold red are 
statistically significant (α = 0.05)  
Grain size 
(cm) 
    
Grain size 
(cm) 
   
2.26 Plecoptera Trichoptera Diptera 
 
3.2 Plecoptera Trichoptera Diptera 
Ephemeroptera 
-0.908 0.00 -1.313 
 
Ephemeroptera 
-0.042 -0.55 -2.155 
0.364 1.00 0.189 
 
0.966 0.583 0.031 
Plecoptera 
- -1.35 -2.464 
 
Plecoptera 
- -0.76 -1.982 
- 0.177 0.014 
 
- 0.447 0.047 
Trichoptera 
- - -1.83 
 
Trichoptera 
- - -2.089 
- - 0.067 
 
- - 0.037 
Grain size 
(cm) 
    
Grain size 
(cm) 
   
4.5 Plecoptera Trichoptera Diptera 
 
6.4 Plecoptera Trichoptera Diptera 
Ephemeroptera 
-0.305 -0.686 -3.113 
 
Ephemeroptera 
-1.406 -2.09 -1.743 
0.76 0.493 0.002 
 
0.16 0.037 0.081 
Plecoptera 
- -1.143 -3.227 
 
Plecoptera 
- -0.0228 -2.35 
- 0.253 0.001 
 
- 0.819 0.019 
Trichoptera 
- - -3.378 
 
Trichoptera 
- - -2.729 
- - 0.001 
 
- - 0.006 
Grain size 
(cm) 
    
Grain size 
(cm) 
   
9.0 Plecoptera Trichoptera Diptera 
 
12.8 Plecoptera Trichoptera Diptera 
Ephemeroptera 
-2.313 -2.533 -1.288 
 
Ephemeroptera 
-2.421 -2.533 -1.172 
0.021 0.011 0.198 
 
0.015 0.011 0.241 
Plecoptera 
- -0.568 -3.031 
 
Plecoptera 
- -0.53 -2.308 
- 0.57 0.002 
 
- 0.596 0.021 
Trichoptera 
- - -2.949 
 
Trichoptera 
- - -2.458 
- - 0.003 
 
- - 0.014 
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Mann-Whitney U test, Benthic invertebrate density by Order 
Grain size (cm) 
    
Grain size (cm) 
   
2.26 Plecoptera Trichoptera Diptera 
 
3.2 Plecoptera Trichoptera Diptera 
Ephemeroptera 
-0.322 -1.25 -1.088 
 
Ephemeroptera 
-0.350 -1.575 -2.155 
0.747 0.213 0.277 
 
0.727 0.115 0.031 
Plecoptera 
- -1.531 -1.20 
 
Plecoptera 
- -1.307 -2.214 
- 0.126 0.23 
 
- 0.191 0.027 
Trichoptera 
- - -2.241 
 
Trichoptera 
- - -2.758 
- - 0.025 
 
- - 0.006 
 
Grain size (cm) 
    
Grain size (cm) 
   
4.5 Plecoptera Trichoptera Diptera 
 
6.4 Plecoptera Trichoptera Diptera 
Ephemeroptera 
-0.305 -0.686 -3.113 
 
Ephemeroptera 
-1.406 -2.09 -1.743 
0.760 0.493 0.002 
 
0.160 0.037 0.081 
Plecoptera 
- -1.143 -3.227 
 
Plecoptera 
- -0.228 -2.35 
- 0.253 0.001 
 
- 0.819 0.019 
Trichoptera 
- - -3.378 
 
Trichoptera 
- - -2.729 
- - 0.001 
 
- - 0.006 
 
Grain size (cm) 
    
Grain size (cm) 
   
9.0 Plecoptera Trichoptera Diptera 
 
12.8 Plecoptera Trichoptera Diptera 
Ephemeroptera 
-2.281 -2.534 -1.288 
 
Ephemeroptera 
-2.462 -2.615 -1.891 
0.023 0.011 0.198 
 
0.014 0.009 0.059 
Plecoptera 
- -0.569 -2.999 
 
Plecoptera 
- -0.456 -2.876 
- 0.569 0.003 
 
- 0.648 0.004 
Trichoptera 
- - -2.95 
 
Trichoptera 
- - -2.993 
- - 0.003 
 
- - 0.003 
 
Grain size (cm) 
    
Grain size (cm) 
   
18.0 Plecoptera Trichoptera Diptera 
 
25.6 Plecoptera Trichoptera Diptera 
Ephemeroptera 
-2.76 -2.72 -1.741 
 
Ephemeroptera 
-2.261 -2.05 -0.158 
0.006 0.006 0.082 
 
0.024 0.04 0.875 
Plecoptera 
- -0.076 -3.366 
 
Plecoptera 
- -0.158 -1.526 
- 0.094 0.001 
 
- 0.875 0.127 
Trichoptera 
- - -3.403 
 
Trichoptera 
- - -1.578 
- - 0.001 
 
- - 0.115 
 
Top number is the z-score, bottom value is the p-value; bold red are 
statistically significant (α = 0.05)  
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Correlations 
 Grain Size Abundance Density tau crit 
Spearman's rho Grain Size Correlation Coefficient 1.000 .976
**
 .810
*
 -1.000
**
 
Sig. (2-tailed) . .000 .015 . 
N 8 8 8 8 
Abundance Correlation Coefficient .976
**
 1.000 .786
*
 -.976
**
 
Sig. (2-tailed) .000 . .021 .000 
N 8 8 8 8 
Density Correlation Coefficient .810
*
 .786
*
 1.000 -.810
*
 
Sig. (2-tailed) .015 .021 . .015 
N 8 8 8 8 
tau crit Correlation Coefficient -1.000
**
 -.976
**
 -.810
*
 1.000 
Sig. (2-tailed) . .000 .015 . 
N 8 8 8 8 
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 
 
